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ABSTRACT
wvvwv~

An experimental  procedure is described which allows the direct , time—

resolved investigation of the spatial distribution of analyte atoms

surrounding an individual solute particle vaporizing in a

laminar flame. In the procedure , the individual atomic clouds arc observed

spectrometrically as the flame sweeps them past a fixed horizontal viewing

region. The spatial intensity profiles so obtained are treated by a spheri-

cally symmetric Abel—type series, to provide the radial analyte distribution

in each cloud . These measured radial distributions are used to experimentally

verify a theoretical model, previously described , which convolves the pro-

cesses of analyte vaporization and diffusion. From measured vaporization

rates and least—squares fits to experimental data , effective diffusion coeffi-

cients for analyte atoms are determined. The lateral diffusion interference

of phosphate on calcium in nitrous oxide—acety lene flames is also studied

with the new method . It was found that the calcium vaporization rate and

.vt its diffusion coefficient changes with addition of phosphate , causing

the observed alteration in spatial distribution .
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from the. burner  top. The droplets roughly follow the flame gases as they

expand at and immediatel y behind the flame f r o n t .  The amount of l a te ral

force applied to a particular droplet then depends on the droplet ’s diameter ,

mass, and orientation as it leaves the burner top. Thus, any change in the

sample matrix which significantly alters the density of the solution or the

size of the nebulized aerosol droplets might cause a lateral diffusion in-

terference.

Another possible mechanism for this interference suggests that vapor-

ized matrix components change the flame’s chemistry in the region where

analyte volatilizes. Such a change could cause the equilibrium between free

elemental species and molecules to shift. In turn, the predominant analyte—

carrying species would differ in the immediate vicinity of the vaporizing

particle . Because the newly predominant species (say molecules) would be

unlikely to have the same vapor—phase mobility as the original ones (say

atoms and ions), the ultimate lateral distribution of analyte atoms would

be different, and an interference would be observed .

A third possible mechanism for the lateral diffusion interference

involves the rate of analyte volatilization directly ,  as suggested by West ,

et al. (3). Changes in analyte volatility do more than move the free atom

distribution up and down in the flame. In a preceding paper (5), It was

shown theoretically that changes in analyte vaporization can cause varia-

tions in the shape of the vapor cloud t’reated by the vaporization of a

single, isolated aerosol particle . Thus, differences in analyte volatility

can affect atom distribution In a manner similar to that of diffusion rate

and thereby produce a lateral “diffusion” interference.

Distinguishing experimentally between these three mechanisms in any

particular situation will require a detailed understanding of tite factors

which affect the spatial distribution of atoms vaporized from an Individual
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solute par tic le  in an analytical  flame , An exper imental  technique w i l l  be

described here which enables this u n de r s t a ndi t i g  to be obtaiiwd. The techni-

que is based on photometric observation of the atoms in a thin ho r i zon ta l

region of the flame as an individual  vaporizing solute part icle  is swept

vert ical ly through it by the rising flame gases. By photometrically scan—

sing the particle and its surrounding vapor cloud vertically rather than

horizontally, the new techni que enjoys Instrumental simplicity and freedom

from flame edge effects.

The results of these Investigations confirm that a previously reported

theory (5) can successfully predict the spatial distribution of analyte atoms

liberated in the flame . This fit between theory and experiment not only

val ida t es the  theory hut  also provides a means of measurement of the effec-

tive diffusion coefficient of analyte in the flame. Unlike some other dif-

fusion coefficient measurement  techniques (6), the new approach employs the

natural spherical symmetry of diffusion from individual aerosol particles .

The agreement between the results obtained herein and the behavior

predicted theoretically (5) enables the contributions of diffusion and

part icle vaporization to “ la tera l  d i f f u s i o n  in ter ference” to be understood .

In par t icu lar , the l a t e ral d i f f us i o n  in t e r f e rence  of phosphate on calcium

in a laminar N 20/C 2
1-12 flame is found to be caused by slowed calcium vo l a t i—

lization; the calcium diffusion coefficient remains essentially constan t

upon addition of phosphate to the matrix.

EXPERIMENTAL
~~~~~~~v~~~wv~~~

To study the time—resolved spatial distribution of atoms In detail., the

sample Introduction technique of Hieftje and Malmstadt (7) has been employed .

In this approach , uni form—si’,.ed sam p l e  drop ]ct.s are’ reproducibl y injected i n t o

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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a laminar analy t i c a l f l a m e  to yield a sp at i a l .  and temporal re~oluLIon of the

processes occu r r i n g  to the droplet  and i ts  condensed and v ap or—pl ea se  p r o d u c t s .

Because the flame drives the injected aerosol partlc]os and their products

upward w i t h  a uniform velocity (7,8), the vertical distance In the flame pro-

vides a convenient time scale for monitoring the various events and determin-

ing their rates. This resolution makes it possible to monitor the changing

suatial distribution of atoms In a spherical cloud of vapor surrounding a

single solute particle. It is onl y necessary to observe , by absorption ,

emission , or fluorescence , the concentration profile of atoms in the cloud

as they sweep by a chosen viewing region; in the present study, emission from

the atoms was employed. By moving the observation region up and down in the

flame , It Is then possible to quantitatively determine the temporal behavior

of the vapor cloud .

Flames and Burners. For the air-acetylene flame used in these studies ,

the burner and gas supply systems have been previously described (9). The

rise velocities of air—acetylene flames supported on this burner have been

characterized by an atomic vapor cloud velocity measurement technique (9).

The flow rates of 2.7 L/niln acetylene , 18 L/mln air , and 3.2S L/ m ln

sheathing N2 used for the present studies y
ield a flame w i t h  a measured rise

velocity of 9.3 m/s.

For the nitrous oxide—acety lene flame , the  burner top was changed to one

wIth 0.45 mm diameter holes arranged in a pattern similar to that in the

air—acetylene top . Nitrous oxide was regulated and metered In equipment

identical to that used for air. Flows of 3.0 L/min acetylene , 13.8 L/min

nitrous oxide , and 2.0 L/mln sheathing nitrogen produced the stable, laminar

flame used In these’ experiments. Thc’ rise veloc Ity of this ni t l’otus oxide—

acety lene f l a m e  was  .tl so m easured  w it Ii t h e  a t o m i c  va por c l ou d  t et’hntquc’ ((I)

nnd found to  he I ‘~ . 1 rn/s

—A •_~~ -_~_ - . —— —— — -  - —-— — ——a-- — — — —  - -

_ _  — - -~~~~~~ ~~~~~~~& _ _ _
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Samj~~e intrad~ict lon Sj~stem . TIte devic e  used to  repel I L i v e l y  m t  r odei ce

u n i f o r m — s i -it’d d r o p l e t s  of samp le s olut  inn  i n t o  f l a m e s  Is s i m i l a r  in design

to t hose descr ibed In previous  studies (7,9,10). FI gure 1 shows a sche’ma t I c

r ep re s en t a t  io n of t h i s  d rop let  gene ra to r  and assoc iated  me asur ement  o p t i c s .

The u n i f o r m  d r o p l e t s  are produced by fo r e  ing t h e  a n a ly t  e s o l u t ion  t h r o u g h a

capi 1 la ry  whose end Is c-ou st n e t  ed t o  a d i a m e t e r  of 20 to 40 lien depending

upon the  d r o p l et  s i z e  desi red The liquid jet formed at the end of t h e

cap lll atv is then caused to disint egrat e Into drop lets by vibrating the

cap l l i ar v  with a pie’~ oc’l oct rI c c er a m i c  h im orph  (Clev i  t e Corpor .it ion , Bed f o r d ,

OH) driven at a fre quceh -v  b etw e en  .~~~ a nd 60 k H~ by an osciallutor (Mod el

200c-RP, H e w l e t t  P a cka rd  Cor p o r a t i o n , P a l o  A l t o , CA) . The diameters of

d rop l e t s  produ ced by t he  generato r were measured pr ior  to  each expert—

mcflt b y observing stroboscop icaUv illuminated droplets

th rough a microscope f i t t e d  w i t h  a calibrated reticle . To

ensure t h a t  a tomic  vapor  c louds  do no t o v e r l a p  in the flame , the droplet

in t r oduc  t Ion r a t  e muSt he reduced to 500 H~ or I over . This  f re q u e ncy  d lv i-

S ion is accomp l i s he d  by ch a r g ing  cc rt a l a drop  1 ‘ t s and r emo v ing  them f r o m  t h e ’

drop let St r e am .  A v o l t a g e  pu 1 se on a c’~ 1 m d v  Ic  al ci ec rode  s~ ro~md in s’. t h e

liquid jet serves to charge  t h e  d rop let that b r e a k s  I rem the ji’ t vie l i t ’ t hee ’

pulse is being app lied . This charged drop let will then be’ defl ected when

it travel s t hr ougle  a s t r o n g  ext erna liv es .eb I i shed elect r Ic f i ’  Id , will miss

a t r a p  s t a t  ton ed to catch  the ma in (uncharged)  drop  it ’ t St nt’am • and w i l l  cut ~~~~. r

the flame .

Measurement of Analyte V~ r Ciotid l rof iles . For the observation and

measurement of a tom vapor cloud con cenr  r a t  ion prof l i e s , t he  e x p e r i m e n t  .el

arrangement of Fi gure 1 was emp l oy e d .  In t h i s  sy st  cm , a monoe -hroma t or

(M~ cl~’l EU— 700 , CCA Mc- l’herson 1 ii~~ t rutnen t (‘onep.iiiv , A ct on * ~l \  I was t (it ed .0 0

from its osecal nrieut .et  ton  so I t s  vat  r ance ’ and exit tel itee were’ leer I
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rather than ver t ica l , and could the re fo re  provide Improved v er t i c a l  sp a t i a l

resolut ion . WhIle t h i s  t i l t i n g  caused the sine bar d r ive  in the monorlero—

mator to track less accurately than in the normal position , the s t a b il i t y

of a fixed wavelength setting did not appear to be degraded , as evidenced

by the constancy of the monitored signal from an atomic line empirically

centered in the slit.

With this modification , a dove prism is no longer required for Image

rotation (7), alignment is easier , and the light lost from prism surfaces is

eliminated. A single condensing lens can now be used to focus the flame onto

the inonochromator ’s entrance slit , making the slit a spatial filter imaged

within the flame. Back—illumination of this optical system through the

monochromator Indicates that the region in the flame from which emitted

light is detected approximates a horizontal disk. To assure that the view—

ing region covers the entire width of the flame, the lens is situated to

provide an optical magnification of —0 .25 of the flame onto the monochro—

mator ’s entrance slit. The vertical thickness of this viewing region is in

fact controlled by the monochromator slit width and by this optical magni—

fication. Most measurements were made with a slit width of 100 lim which

translates into a 0.4 mm thickness of the viewing region in the flame .

The output of the photomultiplier is amplified by a photometric preamp

(Model 221 , Pr inceton Applied Resea rch Corporation , Princeton , NJ ) and

transmitted to the analog input of a PDP 12/40 mini—computer (Digital Equip—

inent Corporation , Maynard , MA). Data conversion at the computer ’s maximum - r
rate, measured to be 19.6 jis per point , provides adequate temporal resolu—

tion of the observed sfgnals, which range in duration from approximately

100 ~1s to greater than 5 ms.

-~
~I. 

_ - ~~~~~~~~~~~~ - - ~~~ t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~~~~~ E x t r a c t i o n .  The noise tha t  e x i s t s  nec the dete cted si gna l is

o f t e n  large  e,ioee g hi to require some s ig na l  enh;inct nee’iet . Be ’ -aust ’ th ee ’ ShIelp (’

of the signal c-arries desi  red I n f o r n e a t l o n  about  the r a d i a l  e o n c cn L r a l  Ieee  of

analyte in thee vapor -ioud , distortion canno t be tolerated and s imp le ’ ana—

l og filteri ng techniques (11) c-anno t be used Instead , only  signal enhance-

ment techni ques which do not distort the shape of the signal , such as box-

car integration and signal averaging , can be used.  Unfortunatel y , these

techniques require an acc-urate timing si gnal which this drop let generation

system does nut readil y supp ly . The charg ing pulse which the  drop let gen-

erator uses to select drop lets might seem to be such a tri gger; however ,

the small drop lets used in this techni que are strong ly affected by air

currents outside the flame and by turbulence at the flame boundary , making

very poor the synchronization between the charg ing pulse and the movement

of the corresponding drop let. Of course , a trigger signal could be derived

from the vaporization of the drop let contents themselves. For example , such

a tri gger has been produced (12) by doping the sample matrix with a h i ghly

emissive element such as potassium , and by detecting the start of emission

of tha t element when particle vaporization begins. Unfortunately, such an

approach requires addition of a forei gn synchronizing element to the samp le

solution , and will probably produce different condensed or vapor—p hase behav-

ior of the anal~-te , a consequence t h a t  cannot  be tolerated here .

To overcome these obstacles , a new kind of self—tri ggered si pna t aver—

aging algorithm was developed. Although the new method is of limited uti-

lity under conditions of very poor signal—to—noise ratio , it performs well

in the present application. Basicall y, the algorithm overcomes a signal

time jitter by sensing the si gnal’s Initi ati on and termination aad center-

ing thee s i g n a l  v i  tie -in an appropri ate time window . Sunemat ion of all signal

repl icas In thee same w i n d o w  the n  provides thec ’ necessary tempor a l  r e g i s t r a t i o n

— --- -~~~~~~~~~~—- —- ~~~~~ - —— — —  ‘.- -—
~~~~~~~~~ ~~~~~~~~~ ~~~~~

—
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—_ _ 
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to produt:e signal—to—noise improvement. Thee new sigma] enhancement algorithm

was software configure d and in t eg rat e d  Into  the data collection routfiecs. A

f low clear I of lice r e s u l t i n g  pro gram is given in F i g u r e  2.  As r evea led  i n

Figu r e 2 , tIce si gnal is samp led a nd d i g i t i  zed for  80 nes need the e result t ag

data are searched for  peaks vie I d c  r epresent  t h e e  passage ’ of ace :e (octe t c vapor

cloud . Each dig itized peak is then centered and summed into a sigm.l aver-

aging buffer to accomp lish the required signal—to—nois e enhanceneent. During

the initialization phase of the program , several parameters such an data

storage location in memory , signal threshold level , and the size of the

s igna l—averag ing  window are entered throug h the  computer  t e rmina l .  A f t e r

this in i t i a l  phase , the control of d a t a  col lect ion, si gnal averag ing , and

storage is transferred to a three—push—button control panel located at the

experimental apparatus . Depressing a bottom marked i)ATA on the panel causes

the computer to acquire 4096 data points at the maximum analog Input rate.

These data  are searched for  the peaks tha t  occur when a vapor cloud image

passes the slit.

Each peak is detected in the di gitized data array by a positive—slope

threshold crossing followed by a negative—slope crossing. This use of two

th reshold crossings to center the peak withIn the signal averaging window

effectively el iminates  cen te r ing  errors caused b y noise on the da ta  (under

the signal—to—noise conditions emp loyed In this stud y), comp a red to s i n g le

threshold crossing techniques. With thel s approach , the selected threshold

value Is relatively u n i m p o r t a n t  and can be varied from 20% to 80% of the

t otal  peak heigh t w i t h  no apparent  e f f e c t  on the  signal averaging proc ess .

Comb ined with a moderate amount of dig it al smoothing (used onl y tc ’ f i n d  the

th r eshold crossi n gs and n ot p r esen t in thee f i na l  averaged d a t a )  t h i s  tech-

n i q u e  cen te rs  peaks within 10 ~s of the t rue  center of the window . This

— — - 
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error is the least allowed by the di gital sampling of the waveform , so the

f inal averaged si gnal should f a i t h f u l l y represent the I rue wave form .

A f t e r  these ope rat ions  arc comp let e , the  average d a t a  peak is d i s p lay ed

on a monitor s t a t  iucit ’d at  t h e  e x per i m e n ta l  a p par a t u s  aced t h e e  op e r at o r  e ace

cheoose among several ways t 0 proceed. One dent cc’ Is to &‘oll cc I atee ) (lee - r

4096 da t a  p o i n t s  and ave rage  th ee  newl y detect ed peaks wi Lie t hR but icr , here—

by increas ing  the degree of noise reduction. A second ch o i c e is to reject

thee newly disp layed data and s t a r t  the  data col lection—signal averaging pro-

cess again. A third option that the o p e r a t o r  can choose is to store the e data

on magnetic tape . The data collection and signal averaging sections of t h i s

pr ogra m requi r e less than one second to complete while the storage of data

on magnetic tape requires between two and three seconds.

For each averaged peak obtained through the above procedure , a maccoal

measurement is made to determine the temporal location of that particular

signal with respect to the beginning of particle vaporization . The measure-

ment simply involves determining the distance between the lowest point where

analyte emission can be observed in the flame and where the photometric

system is imaged . Both these locations are ascertained by means of a cathe—

tometer. The image poInt of the entrance slit in the flame is found by hack

i l lumina t ion  of the optical system; the start of analy te  emission is a

well—defined point at the bottone of the visible vapor clouds. This distance

measurement can be related to time through knowled ge of the flame ’s r i s e

velocity.

Re~~~nts. Solutions of Ca salts were prepared from dried , reagent-grade

CaCO 3 and concen t r a t ed  reagent—grade  acids lIMO
3 

and lid . Phosp ha te  was added

as 113P04, pipetted from a stock solution titrated against NaOhI , which in turn

was standardized wi th i dried , primary standard grade potassium hy drogen phi tha—

l a t e .  Solutions of NaC 1 wc’ re prepared from t h e e  reagetet—grade salt. Stock

solcit lo ns were gener. il ly  pr epar ed .et t hee  10 ,000 l eg / mI ,  l evel .

hi- _ _ _ _  

!- 
-
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t ’I e . i t . e e - t  c’ r l : ; i  I t - s  c i t  t h e  t~~~.’r ~- d  S i~p s e l  - A I vp ic.el e ;tgei ~c l  i~t ’ ’e ~ 1 .

in F I g u c t ’  1; 1 c one such a I gua l  , the e spat Ia 1 d 1st r f l it, ieee of t ems va I co r  I .‘ t e I

f t one ace I cccl iv id  ee.t i stt I t e t t ’ p a r t  I c I e c a n  be cit . ercic f e e  cc i  - ‘ihee’ I gee.e 1 l ee I i  gte  c c ’

:i was i c ’ t ore ie ’~l I i dlell a v a 1’t ’e  e’ 1 ou ch f o r m e d  a I c ’r t iet ’ ei t ’sol  V.1 t I eec a c e d  ~‘a l i e i e -  I

.- .it ion  of ace 8 )  I~n c i i ’ e eso I ch op l e t  coccI  a h e e l  ee ~ I (1(1 t i g / n ~, sod !  cc it t  as Na t ’ I - ‘h’ttc ’

~ t t cp e ’ , w iel t he ace d . i t c ’ l  o f  t i e  t s  s i  i ’ i i c l  a l l  cc ’nvc ’V I mp o r t  .ie it i e c t  e l i : i  I I eec ~ t~ e i

corn!  e I he ,’ v i  j i ie e’l t i t e t i

l i c e  ~e c t ’a c; n e i t ’ c  t i i i ’ t d ’ : c i v i ’ c I I gis e I i~ pe - epoc t I oem I I t e  t h e e ’  t c c l  0 1 c e c e n c her

of at  ones i n  I l i t ’  v i per  t I  t i l i c i  . hlc ’~ .itis t t ’ac l e a t  em f e e  t h e e ’ t’ i cceed ~ pt’ eeJ~ 1 l ’t ’ ’~ ’~ I —

ma t o  1 v I he s c e n e  I ~i e ~ t i c  e I h u e ’  l ee I i t t ’  mo c eo t ’h e r c c nea t or ’s v fow l ce g Fog I oct  • t ’. e e ) e

w i l l  St at is I I c c l  Iv tin it I l i i  sauce ceuunhcc ’r 0 t i’tee I ccci ~e itt (itt’ v few I t tg  d i  t c ’C t I Ott

In o t - d e t -  t o  s\’sel~e I ica I Iv ~! if fee t-nt S at t- be twc ’c’ee t i e  i s  pt’~e1~ :ii e,e , i f lch ( l e t ’ or I —

g ina 1 si goal — a v e ’ r. egc ’ t i pe ck~~, 1 c’ t i (  t ) be t h e e  t Inc’ l e S t ’  I ~ eci • ~~i g u t  I ~~~~~~~~~~

ple ot  oc’ee r r on t ace d l (  ) ice ’ t h e e  a u t ’a cuietit ’ i t li e ’ c ’ t e l V e ’S I ~ t ) , where  t Ice’ I

rt ’ fc ’r c ’e ec t ’ t 1 et  t i e ~’ , e I t ~~ cS I t ;  m& ’~esu r , ’d I r cc e e e t h e e ’ beg h u t  I eeg o f  ~ec ea 1 ~‘ I t ’  cue I ;;; i cetI

to t lie pass~e e~t ’ of t ice c t e t  I t ’ F of  thee ’ ~‘ap c c U C l  t eed th e rcctugl e I l i t ’ I uci ;eu ’~ I eug r . ’t ’. I eec

Thee’ f a t ’ I ( t e ~~( 1 ( 1  t e ’ p e t ’  Sc ’ i t t  t i t t ’ tcc tee elct ’ V e t  cims p vt ’ S c - i t t  I t t  (Itt’ v c I e ’\eci

a t  a j i e c  t i c u l c e  I C cItt ’ t . C 1 C  hi ’ o\pt ’c I n t e n t  . e t 1 ~ ’ sec l c s t , e e u t  j e t  e d 1 ( 1  ‘I une ’.e~c e  c c l  . i t

(h i t ’  counp lc ’ t i eee ef  ~e ee e 1 v I e  v,e1cor I ~,et t o t e  f t c e  t e e d  form ch op 1 c t  ct ’ee t .e l e e  i c e ~~ c h i t  -

f e r e n t  t - t c c uc - e ’ l i I  c O t  f e t e s  c c l • ; i c i l i t e m  i e e c e c ~~c sc ’t. I ictt ’~ c’l v w i  t i e  t ’ c i e ec ’e e e t  rat (‘ic e t ’ V t ’ t

t icc e ; I e g t ’ of 1(1 t o  2 f l )  jug/nil .

‘l’hie’ shape ’ of t i e t ’  I goal peal~ , i ( t  ) , co ccI a I as I tilt ’ t’nca I I t’cc .chou I ( i t t ’

m c i  I a 1 t h is t r I lct, I ieee of a t e ,e  1 y t e a t outs I a t h e  vap or  e I ~‘cce i - ( ‘ I  t’ .t c 1 ~ , a 1 i t

va~coe e lcctcei w i  I I produce ,e broad ,‘c- si gnal 1c oak , . c e e t l  a flc i ) ( ’ e l i  I I c i s c ’ c i  cit ed vi I I

goeet ’ r. c I c a 1 t ’wt l’ 
• v i  t i c  F h ee.c k . b i t - t o  so t il I hi t ’ c c ’ S. I cccl Vt ’ l o t  i t  v .11 c.’he I t i e  e e c - h e

• c I end h i e s e ’s t i e  c c ’ cu ~ l e ( b et ’ V I i t  I e e t ~ e’ t ’~ ’ ( t i n .  i l i cw ev ee  , mo e ~ce l ’ t I c  I c~~t O l e ;  fee 
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thee peak sh ape ’ art ’ s i g n i f i c a n t  and a d e t a i l  e d , a l b e i t  q u a I l  t a i l  ye’ an .el vt , I s  of

t he she ;t i ce ’  i s  j e t ; t i f  led . II I)O le close ’  ohs erv ic  t i eee , I t  cace be seen t h a t  I h e ’ I t ’a d—

t ug aced t r .e 111 ceg e’d ges of t hee ’ peak ice  Fl gte it’ 1 heave ’ di  f fe ’r c’cc t cc I opt ’s - l i e  I ; .

f i n d i n g  cace be cxpl.tle ecd by thee di I fee~ 1oce w hi t e’he (let ’ c l i n ed  e e i e c i t ’r g t ’c ’ s  ;,~ ; I t

passes the rough  th e e  v i  owl uig rc’gi on.  As t hi c ’ c l i u t i d  eec I t ’  Es t hee ’  v i e’w I leg e ’t ’g  I eec

i t  Is r el ;e t Iv e ly  c&ee cepicc t antI Its c e ’uec c - f l t  r o t  l o u  gradient eocest que’n t Iv ot  t ’ e p .

Thus , the ’ ph mt o cuu i 1 1 1)1 1cr si gtt:I 1 r I  c ;e ’ S r a p i d  l v  fe’one tlee back ground  aced

reaches a inaximeene as the cent or of t h e e  V ;ep or c i  oud p; u ;sc ’c ;  t let ’ v i  owl teg t e g  i on  -

This maxicuecene a c - c e l l s  net  t c e u l y b ecause ’ the cocc I or of t hee’ c loud  Is is  a he l ghee ’c

atom concen teat ion titan t hue c loud c’x 1 rc’mi t I et ; , but a I so hecaecsc ’ t lie ’ e I end ‘s

thickness is great ts t  whe ie  v it ’wod t h e r oce gh  its c e n t e r .

Ac; t he  c - l o u d  t r ave ’ r ses t l i t ’  s l i  t I i iez tge , d i  I fees ion sc e ve’s to spre’acl th ee ’

cloud , so I heat it is 1 a rge’r wheci I e , ev  I ng the’ region t le an whee n i t  cat e i t ’d -

The const ’qu ecet lv  1 owt ’u ’e’d e one’e ’e et rat I nec grad lent in t h e e ’  ue ec er e ’ d i !  f t e ~ t’ c’l oud

causes thee ’  I c’a iii iug  ed ge c ’ I th ee p00k t o heave ;t l ower slope ’ t Itan cii ci I Icc’ I e’,ed—

lug ed ge. ‘liens , l ice s I gem I leas inib c ’cltl oci ic e  i t  evc’n in  foe’m;e t i o n  cent er cc l u g

the  v.et I a t  I t ’ l l  i i i roth i a I coui c-ent rat ( c c c i  p ref i 1 c’ wbe I d c  oc d eer wit beli e thee ’ vapor

c 1 oud ove ’r t h u ( ’  pe’ e t t ’ct of c’i c ; er~’;e t I eec - Of cocer sc ’  , ii c l ot  a t  he ’ d  cc icnp ;e i i  soee l ’et —

wt ’cn t h i t ’t ; c ’ t’~.j)t ’r i net ’ ee t  i i i  ly observed c i ; c t i e  and t h e ’  I hec’ou’y e f  spat l al ci i ;; t e l  be e

t totes (5) r equ I res .e q c e ien i t  .e t I Vt’ r e l ;e t I c e n shc  I p bc twe ’e ’i e I lee r od  l a l  ;e teen it ’

conc ont  r a t  i t c i e ; ;  ant i  thee ’  t t b ~~c ’rvc ’d  s i g n a l .  St eel e  a r e l i c t b ush i p c’ace 1cc’ t ier  i v e ’d

t h rene gh e .cpp I i  ca t  Ion of ;e e e Abel I cev ort ;  b c e  (1 3, 1 i ‘I -

~~~~~~~_c~i l  ~~~~~~~~~~~~~~ - The e qu ot e I It at I vt’ it ’ I a t  I censhe  I p bet ween t h e e

radial at one i~ cotcevee t rat lens au th t h e  obse ’ rve’d si gnal is a sp ht’r Ic ’;e I Alit ’ I — I

in tegra l  or ser ies . l’iet! t rue  Abel sot’ ! es is a ed ict ; ;  t r u e  I i on I n  forecel ceg t he e ’

Abel t r a n s f o r m  (13 , 16) w i d t h , I n  turn , al l ows e’;cci l a l  l v  thep t .eudc’e it fucuc t lees;

to be der ived fr ocee net ’ ; ls c e r ( ’tcee ’ee t ucatic t~ce a cy Ii cede ’ ! c .111 v svcicecee’ t i lt c v i i  t one . lii

a s i m i l a r  I r t ’a t en c ’ect , I ci Ia’ deve~ 1 ope’ti l cc ’ e e ’ , :e ~ i u l e t ’ e ’ h e e l  l i t  hce ’r  I Ic o n c v i  I c ccl i  I e’al

— ~~~~~~~~~~~~~~~~~~~~~ - - - - 
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Ab el— type set Ic’; is emplo yed tt ) dc ’t e rc n luee  r a d i a l  ,et t im con c en t r at  lout s  f r o m

cueasure’ene’cet s ,cke’n throug he ace entire c e e c s s — s t ’c t  Ion of a s p h e r i ca l  ~it o n e  c b utt

Simp l y  v iewed , t h e  nt ’w al  gor l thc ee  inve ’t t ;;  t h e  jircicess of miethit’mii t lc;i l l v  stein-

‘
- sting Ueet number of at ems present  in t h e e  in t e r s c ’c t Ion of the view ! tug rc’g i t t i e

anti a t o m  clou d. Thees , the invers i on matheema t icall y strip s away thee ccect t e ’ l —

but le in s  c c t ~ spher ie ’al  lv  symme t t ’ ical .  she 1 is in the vapor cloud , r.ttheer l ike

pee l ing  an onion .

Let C I c , t~ he ’ t h e  conc’t ’nt t i e t  io ie of a na lv t e  ct ems at a d i s t a nc e  r f r o m

thee’ con t c’ r c i t  t h e’ vapor c I t i t i c i  , t t i c l ,e t a t ime t • measured f receec the st art ~i I

a t e a ly t e ’ V a p o t ’ t • ’. u t  t o t e .  l’h~’ tnt o r soc t  t ce c e he’twee ’n t hee ’ v i e w i n g  r egi on and t h e e

spleorical ly svmmet r l~’ ~apet -  c bou ci is scihoneatical lv  represented in Ft gure ‘~ -

Let K he the ye’ r t e;e 1 t I e s  t .L t i t ’ o I rein r let’ cent c’ c of mates of the anal  v t o  \‘;l pc ’ r

cloud  to t h e e ’ p latte wh ide  he y I. zocet a liv cl ef lnes t hee ’  v iew i n g  r e g i o n .  Let  c\R

he thee he i g h e t  cit t hee viewin g r t ’g ion  - Tlee ’ c’e ’ce t rci l volume ~if  t h is  cons I cu t ’—

t ieee i s  dome—shaped  and hcitcndt ’d li v the e p I one vie i d e  C rcisse’s thee! Z iIX iS  at

R — 1 / .‘.\R .ini! liv t h e e  spbee ’r e  t e t  r aci t i c s  H ~ I / .‘,\i~ . Thee “ci 1 cuene cc l  t i e  i s  c ’ t’ i i t  e ; t  I

deu ce I s

~ (3R + ~~~ ( 1 1

Thee remaining se ’ c i t  ieee ; ;  t el ,this s l i c e ’  of thee vapor e’ l d cnti  , e i t ’ a se t i t ’ s  01

antic ’ i:tt’ tog ionc; he occcetlt ’d cit e t hee  top tui d bet  t em liv thee’  p 1 , e i c t ’ t ;  .‘ H + ,\R .‘

and z — H — .\R, ’ .~ anti on t he el r ;; ides by t ic t ’ sp le c ’ V t ’ - ;  r — H + ~e — .~ 
‘~.\R ~ nd

r — R + (a ~ 1 / .~ ) ~\R whe’ re’ a is rice’ slut’ 11 nuncb e e ,encl t cee g e ’ I i  t ’ e c  + I I t ’  4~~

Thee volume c i t  t he  n t l e  r eg ion  is

= u (.XIl) 2 [fl(2n ÷ I,) + + n $ 1/iifl

~~~~~~~~~~~~~~~~~

—-  ‘—— — - - —- - -‘•— --— — -  — - — --- -
~~

—- — — -— - — -
~
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The total number of atone s in thee viewing reg ion may now be obtained ,e, ; t hee

produc t of the volume and concetltrat ioci In cache rc’giotc scummed over 11cc ’

•fltire viewing volume :

N(t) — c(R ,t) V0 + c (R  + nAR ,t) V~ (3)

Because’ the  I tes t tint attc’ocl ;; a toni c e’~iei ss i Ott me’tesue’emi’eet is proper  t ionic 1 1 a thee ’

total number of atones in the viewing volume , thc~ ob served s ignal  I ( t  ‘I j ç

port tonal to N(t) itt equal ion 1 .

in p r i n c  tp  Ic , I t  is pos s ib l e  t o  i n v e r t  th~ sc’ t ’quat  ions to obtain a

func  t ion proportional to c (,~ t) the des i red quota I t v ’ from an e’xpt’ e’ I mental lv

observed s ignal , i it ~~. However , because vaporization and ~ if fees lvi’ t r . u n s —

port of aecalyte occur  si gnifican tly duritig th e e’ observation time , this iue v e’r—

sian is m at b e cnea  t t~~,t 1 1 v comp I i c a t  ed and rep dc’os a knew lod ge’ c ’f thee  f t i t e c i  c it

thee  f unc t ion ~~~~~~~~ A mere r easonable  app r each t o  take’ , in  t h e  cenep ;e i i  sect o I

theor y to data, i;; to  use thee theort’ t i  cal  lv de r ived  expres s  i t ’ttS  t o t t ’(  r •

in eqeca t I oct i a cc c i I It t lee r c’sul t lag fu n c  t I at e t ii thee  do t o

A t lt e ’c’ti ’t I c ;e l i v  I i :esc~I c’xpr t ’s;; I t ’ t t  far I h i c ’ I e ’mp cee ’ :e 1 and r a d i a l  d i ; ;  t i  e l i t e —

t b c e  at  atones Ice Ott  at emic ’ va p o r  c ic i ced  h,c:; h ic ’cei shown to  i cc ’ ( ‘ i ’t

C(r,t) ~~~~ [(t 
+ + ~~ ) ~

‘
~~( 

~~~~~~~~~~~ ~~~~ 
) - r(~~~~~~

’
c
_
~~

’
~~1Dt]

for e~~’.t % t ~

a ted

L ____ 
~~~ 

- -- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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C ( r , t )  
~~~~~ ( [t  

+ S + 

~
] {er t~c 

~~ ~ ) - erfe (~D t -~t~ )j
+ 

~~~~~ [
~t_ ~~~ ~~ e

_r2 D(t tf) 
- 

~~~~~~~ e
_r 2

~~ Dt]
)

for t > tf
(4b)

w her e  I) i s  t h e e ’ thf I cc ;;  ion c’a e f f  i c i c u e t , and t represouet;; the t i m e  a f t e r  t h e

L it iS t ’ I at  ,ui e lv  t c’ \‘ ,t l iOr  i .:,e t ieee . The p ar t eme  tor i ;  ,~~~. ~~~. ated t originate I rem

a l i n e a r  . cpp r ox beua r i ’ei of t h e  aee;ulvte vaporization t u e ec i lo n

— qt ÷ Q f o r  0 ~~~ t .~~. t
f 

(5)

where  ~~t, t) is  thee  r at e  of releas e ~ t ~in a 1 v t c  a t o m s  (at o m/ s )  - This r epr esc ’ee—

r a t i o n  c i thee  a t o m i c  cc n c e ;c t tr a t i o f l  lea ;; he’en shown to co r respond  very w e l l  to

thee .u tonic cotic’ c’n t e a t  i ens predict Oci by the theoretIcal .1 v rigorous cacevol cc —

t ion of neeaSUI’ed v~ep o ri za t  ion  ra t e  and d i f  f e u s  lou t  (S ‘~ It  remains to f i  ted

exp c’r m meeer ~il v. e 1 cues for 
~j 

,und ~ in ed i t e at  ieee 5 , ace ecede~evci r q u i t e  st r a  ig le t —

fc e rw , e e-d w i  t Ie  t h e  p e e ’s e n t  Op~~ie t’ .e t t t S  .

Ana ly s i s  of t h e e ’ Sj a t c a l  f l i s t r i b e e t i o n  of ( ‘a in ace ~~~~~~~~~ I one F,Lin1
~~
.

Thee spat ii d i ; ;  t r I h u t - i on  of Ca at o m s  i c e  v ar  iot ts  ,ena.I v t I c ’,t I flames has be’cti

experiment ally studied by se’vc’ral jnve’st i gators (h, 15 , It i ) - Because of  t he e

volume c u these ’ oval I able ititict icendont beet similar e’xpc’rintent .el data • calcium

w.es se lec ted  as t h e e  e’lt ’~~~fl t  f e e r  i n v e s t  i~~,e t Ion  ice th e e’ p resen t  work  .es w e l l  -

S p e c i f i ca l ly , t h e ’ r t cd i , e  l i v  acid t em p o r a l ly  d e pe nd en t  e’ocecent  r a t  ion  of ca.l ci cent

a t ems I n  11cc sp ice’ r I c’,i 1 v ,ep c ir  c’ I c inch  p t ’a~i t e c ’ e’~ b ,eei I nd i v i  d ua l  , vt epc ce’ I I

p o ut c c ’ le~ ice ace ~e1 e —:c ec t v i  cee ~ t ,e ne c ’ w a s  eecc’.esei e e c i  cued t ’o n eh i , i e  ~‘d v i  t i e  thee -

p c t ’V i eee;; 1 v t i c’ ri ve ’d be e -i c rv r ep ?  c ’’te ’e i t  cci 1’~ e’ qe e ;e I I cite -

L - -~~~~~~~~~~~~~~~~~~ -— - — - —
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Indivtdtejl parti cle’-; were pr oduced  f o r  cxaneieeo t bo ut b I nj e c t i n g  l e ; t a  .u

fuel—ri d e aie’—:t cctvle’nc flame 5 ‘t~cn d iaeeee t e’r drt iplel s Cecil .e i ciing 100 g

( a  as C.c(’l - i’iee vapor cloud p
~~’~ 

lies • I

for the e’a atoms • ob servc ,d ~~ the 4~~
_’ . mccc t’.u line • we’ r e ’ receic’dcd Ot  sc ’vet ;il

p o i n t s  in t h e ’ h i s  cry  t~i t h e e ’ vap t u e  cloud development a p lot of th’ O t  c’ . u i_ ¼ t

c’t theose citUve ’S as a ue et ’ t I cci o I I i ;;cc’ In the e ’ It’ dc’ve I op m e n r  is sh own ic e  F i gee

i and is esseect  c a l v  he ’ I :;epee I s o  e c’spceese I eet td t icti ~~ et’ thee Ii acne’.

B;is I I ;CaciS ,cud h h l e ’ I t i t ’ 1 ~‘ ~e ; i V e ’ ¼ie ’t tc ’ttS I at ed t bat t h e ’ shape of tie~ 1 e.cd eeg

c’dge ’ ~u f  a p l o t  t e ch  ,u s Fl geee ’ ’ c ~ e’ t err .e c ;ec ’d liv t lee vo l o t  I I  e at  ten .e I o a

ceca l v  t o at  ones - ~‘1eus , t h it ’ I cad I teg ~‘d gi’ at  I ho I .er;c ‘ s em p e c  I so  r t ’spe u e e s ’  I e te ec —

I t ot e sh ould I’c’ ;c 1 u 1 ’ i  a x e  ‘;a t o~l t ’v t h e ’ c tit c ’ t~ t . i  I o t ( ‘qcea t I at e  ~ , name 1 v

~ c~t •  2 for t 
~ ~~~~~~~~~

A e’ i’gress t on  aet~e Iv s  i~ f t  t a t c’qcc ~% t  e on  C’ t t ’ t h e e  ~‘i ’st ’r v c~i cha t : ;  ~ C ge e e t ’ ~

v i e  I ds t i t~ I m p u l  Sc ’ t e i S ; i c i n s t~ t unc’ I eec ch’ti ~’t c ’el 1’v C h i t ’ s a l t  I I  t i e ’ en  F i g e c c e ’

‘ .ttic I t h e  e’Xpt c ’ as e ~ el

1(t) 1.~” x ~~~ t~ 1.22 x h~~ t for t 1.1~ x 1~’~~’ ;- C’

Now thea t t h e e ’ pat ’ eum e t o t s  c c c  • ‘t~ e e c  1 i ,u et  . dt ’:u 1 i n  ~
‘, i . e  t h e  I he o v i  pat e .at I an

of ana l yr e’ leave’ h’ t ’ c’et cle ’t i tit ’d I or t h i t ’s t ’ ~‘a U’ c c;;; p ar t c c i  c ’S  t t i  a e; c i :  . t , t ’ t V  1 t ’t i i ’

I,

I I once • t ‘, t c ’ e - .u~i i . e  1 ~i 1st e ih ~ c i t  c a n  a t  .e ’, ae’c;; ci,c ui b ’  ~‘a;;cs,cc ~‘d t a 1e~’.’ c v  , 1 c c

part lculai’, t he ’ shi ~ep e ’ c t  I hec ’ d a t . c  ~‘ ce r v e’s t~~ c e -st e l I C as I t a;;; u1~I t~ - e~ i c e , e

vapor  ci t ciccid~ p.%~ S I ceg I hit’ V ~‘e. e t t~’, i t ’ ci. C c cl i  a t  1 lie apt t.’al se ‘; C t ’r; ci ,eei 1’ o ~‘a;;; —

pared to thee ’ modal e e r a  l v i  ti~~ ciaet’~’.’ I c i t  i e e e  1’ t ’ t c , ’ t ’c’ei e’ : c r a t  C s a t  l a c e  ecc ~i d i  t t e a  C eec

I c ’ pe’e’~1 l e t  I he ’ s p i t  (a I d ‘ ‘1  e c ~i c e t  eec ~‘I  a t  a ;;, ; - re 1’ t ’ i~ t e i  • t h it ’ ;;h’hc ’ u - i ~‘,c I

-
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Abel—typ e series , cqccatiore 3, relates C ( r Lt )  of thee theeory to the data curves

obtained , i ( t ) .  Nex t  , c a th e c t o m e t  or eeeeasur entents , (‘ccciii ) I nod w I th  the  m( ’zc ;eu r cd

f l a m e  v e l o c i t y  give ’ d i r e c t l y the  t i t ece  b e twt ’en  th e e st cu r t  of c e ece e l y t e  v cc p c ) r i—

z a tio n  and the  p assage of the  c e n t e r  of the e cetomi ( ’ vapor cloud t iu rou ghe  t h e

v i e w i n g  reg ion .  It  renu ains to d e t e r m i n e  wheiclu point in the d;cta array corres-

ponds to the  t ime (I i ) at  which the  center  of the vapor cloud passes thee

viewing region . This factor (I
i

) ,  thee effective diffusion coefficient of

the an:~1yte , D, and a proportionality factor , tee , are al l  found by f i t t i n g  the

theoretica l curve to the experimental data. The factor rn simp ly reflec ts a

proport~ onality b e t w e e n  the number of analyte atoms in the viewing region ,

N ( r ) ,  and thee observed data. It combines many constants which affect tlec

da t a , i n c l u d i n g  the  f r a c t i o n  of atones which emit , the opt ical  speed of the

c o l l e c t i o n — d i s p e r s i o n  sys tem , and the electronic gain. Thee fitting is per-

formed b y non— li eccar  l e a s t — s q u a r e s  regression anal ysis (17) - An examp le of

the I it between the theoretical and experimentally observed curves is shown

in Figure 3.

The fit betwee”ee theory and experiment  disp layed here is a good m di-

cation theat the theory adequately (within experimcntal error) represents the

spatial distribution of atoms from an individual solute particle. This

theesis is further substantiated through an examinat ion  of the  a d j u s t a b l e

parameters used to fit thee theory of experiment . Data for thee spatial dis-

tribution of Ca wc rc taken between 0.5 ins and 2 . 3  ms a f t e r  thee initiation of

Ca vaporization . Ove r this en ti re range , wl eeee theory and experimental data

are f i t , t 1 occurs very close to the center  of the si getal aver ager  wleedow

and rn va r ies  accord ing  to thee e l ec t ron ic  gain as expected .

Of even greater Interest are thee dIffusion coefficients , I), fenced for

thee ’ best f i t s  • whe I cli art’ p l o t  t ed a iy c  i ecut tim e from thee ouetc c~t of vapor tz;etioti

In F igure  (‘ . Close’ to thee’ start of Ca vapoc’I z;i t tote (left pae’( of Fl gure 6) ,

_ _  

_
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the ca l c u lat e d  I) va lue  is large and not very  precise , wh i l e  at longer t imes ,

D f~ fairly cocest ~int at  3.4 cue2/s. This behavior is understandable , since

small errors in the  catheetometer necasurements used to establi sh t aced IC)

will he relativel y larger at short times (lean at b u g  t imt ’~ and wil l affect

the calculated diffus loee coefficients correspoted ieeg l y. Also , thee linear

vobattlUcati on theory used heere and developed in a precediceg paper (5) has

been shown to be’ most acc ’u ra t c  a f t e r  v a p o r i z a t i o n  ~s comp lete. Thus, the

f i n a l  v a l u e ’ of I) observed I n  F Igu re  6 can be considered  niost accurate and

agrees well ed the v a l u e’s I c r  the  d i f f u s i o e e  c o e f f i c i e nt  of Ca in an a i r—

acetylene f la me (3 to S cm 2/s) reported by Snelleman (6). The fact that, these

t h re e  a d j u s t a b le  parame te’t’s are consistent is a good indication that the

spatial distribution of anal yte atoms from individual solute particles can

be rel iably pred icted 1ev the convohction of vaporization and diffusion when

the linear—vapori:~ation model is emp loyed. 5

Measiereme’nt o[ the ’  Diffusiote Coefficients of Na in an Air—Acetyle’eie

Flame. In a similar experiment to thee one described above , the d i f f usion

e o e f f i t ’i e nt  of sod i um lie an a ir —zc ce ty lete e f l a m e  was measured and produced a

value’ of D 12 .3  ± 0 . 2  cm ’/ s .  This  compares favorab l y to thee va lue  of

9.9 ± 5 cm~ /s ob ta ined  by Snclleieeaee (6) under similar conditions.

This neetheod for thee  me ’asure ,-.meuet of d i f f u s i o n  c o e f f i c i e n t s  in flames

o f f e r s  several advatetages over previously used techniques . First , the theory

takes account of thee effect vaporization has on the spatial distribution of

atoms. The natural spherical svmleietry of diffusion from a point source is

preserved througheout. Also , diffusion into the edges of the flame does not

greatly influence the fleedings of this measurement techenique . Third, th ee

s i t u a t i o n  o c c u r r i n g  In ceceventiona l analytic al flames is closely simulated ,

mak ing I t  easier to i nv e s t i gate  t h e e  ln t c r .’ee t i o c i  of dlffusioue with oth er

condonsed - anti  vapo r—p h;ese’ processes icc eletc’rnel eel ueg overall at one

- ——
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d i  s t r  ibee t  totes  - l’hee i eeepor ’ a ecce of t huis I at t e’r fact is eeccelers corc’d ice thee ’

fol low i ng sect tote .

Mi~c Ie .uc i s eu  f o r  L i t e r s u  1 Di Ion Interference of Phoc1’}hlte on Cal  t’ I i ieec l ee

a N 20/C~ hI~ Flame . It is well documented t hea t  t he  phct ’sp h e a t  e ’ sec t eec sev ece ’  I y

d~pr CSSI’S at omic Sheec t ronee t r Ic si guca Is for e 1 ccee ent a I e’ .e I c t une icc a I I- — 8 c c’ I v I  enc ’

ii .enws by t r app  I ceg thee ’ e:c I c i  ue ee in  a c-c I e . c  ci. ei - v m a t r i x , t h t ’ re’bv I n h e t ie  I I eeg th e ’

~
‘.e voI~et I i i  zat  i eee I, 1~~) , l i e is jnt et c-t’eu ece ’ caee he r edu ced  e I thte ’r by  m a t  c i  \

m c d l i i  cat  I et c , I • e’ . I tu ’orpct r a t lug a he I g ie ce t c c ’e’ce t r at  iee e  01- .1 re’ 1 c.es lug

.tgecet suc’h e as 1 an t  h e , e ee um t ic t he  so lot  t on , or by us I eeg he ot  t e’r f I ,cmes . i t  ke

N ,O/C 211 , , t o  mc rc ’ r a p t  i lv v iper I s-c the refract orv ceeat r l x  Thee’ lat  t e e  t ce he te  i —

qcue re duce’s thee  I cet e r f e c t ’n cc ’ e a few pe’r ceeet aced some ( ewes t I ga t o r s  have

(‘Vt ’ cc teot i c  t’d ace elehe lc ccc etiecie t of Ca si glue is due t o pleosphea t c in thee  cna t r ix  -

Wes t , F.is:~ ’h , , i iCCI R e c j ~~e’ I ~‘y ( ) t ~) dei t ’r en l iced t h at  Ca atones released  in

N 20/ C ., U. , I lmeec’s f r om  so lot  i ons cotetal icing phcospheate iceS grate t ow.tr d the’ ed ges

ot the flane ’ ncore siowl v t he an do t heost’ frocce p he osphcat t ’ — f r ee’ so lut  t o tes . N o

ent’cheautsue c heas vet ht’t’ie prov en f o r  t h i s  “ l a t e r a l  dl  f f e e s i o e e ’ I i t t  e r f e r o t e c t ’ ,

alt iecughe t hee’se’ p eev t o t es  workers (I t~ ’i tent at l y e ’ iv itSe’ r I bed I lee ci fec t t e

slowed pac t i d e  Vee t a t  ill s-at ion .

lie .i p rey  I OtIS  p ap e r  I. ~‘‘t , 8 t h e t ’o re ’t I cat t%e0cle ’ I Cs’ . t S  Lt~ e’d t O show th at a

score ceeeeep.ec t v apor  c loud foree ced by t h e e  ye h a t  I i  I s - a t  t en  of ate I ted Iv  id tca I

SO [ta t  C ~ .t t t I e’ it ’ can be at t r Ihu ted e’ I t leer t o  &‘h;eceges In  th e e ’ d i  f fe es I en dO e ’ I 1 1

d ent ci. to e’hcanc’es lee t h ce’ vapor s-a I I e,e r a t  e - it Is cOlic’ e’ I vab i t ’ th ea  t c i t  let ’ r

factor coitlel he thee cause of thee “lateral d i i  t ees ion ” effect aced i t  is imp or—

t aeet to c~ pcr Imecet a l l y verif y or re’ fu  te thee ’ sugge’st e’eh uec c ’cha n isnu  (16 ) . Thee

exper Ineent .e 1 me thods t ic ’ t a ll e’d In theis p~ept’r pro~’Ide .e met hod for dl st  I ce —

~u Is le t acg b ct w e’e’,e t ’ i t  t ’c £ I a e diuc ’ ~t 1 by vap or  piea si ’ mob I l i t  v changes and vapor  i

~ .u t tote i . e  t e ehe an ge ’s . in suchc a s t cath y , ce ni fee e’uee drop I t ’  t ii (6, t.ieei cii 8cieet or )  ol-

e’! thcet ,uq eee ’ocee; Cat’ I , or aqueous H31’I
t / i ’.e( ’ 1 (t ’, ie ’hi coce t ,e I c e  I ueg 100 leg I . e  f e d , )



I’’

were injected i nt o  .c fuel—c ie ’le N ,0/i’ hh .~ ft .e’ eec a I •c rate of 8Ph u ’’\ t eee.et c’ Iv

‘400 dr op I t ’ £ / s - A I kc ’nej ete a tich Veto then is (I i~) h e ,ev , ’ sleewec £ hea t tile ma x i  cnuree

c I t ccl of t hee • v .ep o t  I s - a t  t on  t a c t ce I c r e c e c e ’ of p hec ’sp h t . a t  e’ Oil c~i h e  I eerie c i d d i c r  5 , i t

a I’/t ’a cite I at r a t  Ie ’  e, t e a  t o t  t lean 0. ‘~ - A c c o rd  I eeg l v  , P / e ’.e teec I ,e e- r a t  lee  u~ t ’d

le et c’ we ’ c c  1) . t ) 0 . ‘ , stee d 1 .0 . No de ’( e’c tab Ic d ill e’ri ’ue t ’t-s we’re’ fo t e ec d b et  we ’cce

t hcc’ c’I fec t of 0. e aced 1 .0 1’ . ’~ (~ c r at  i Os SO that eec Iv  t h de ’ 0, ‘
~ I’ / t ’,e case ’ w i l l

ht’ di s , e e e s t ’,I t e e’ I ow

F t e  ~ I , i t  I s ~
- ee’aet m l  t o  do te ’  reed eec t h e a  pheosp ica U’ a~td ii I ~eue dot ’ ~ I tO I

si~ te i fi~’auet lv  •alter t h e e  nature ’ of thee prot’t’sscs leading t o  part i d e ’ v .epor--

lz:etlote . In sue earl icr studs’ ( 10)  i t  was shcewce the at .Ie ’soi v~et b i t  ca ee be’

a f f e c t e d  at let gie so l c u t  e’ coe e cc ’ue t  rat b c e  by  a I e’segtcec’ee t at i eee of Ccl Ci te ’ ccvi ter i a 1 -

St e el e I r ccgn ee ceta t iteec w.cs ac cenep .eee it’d 1ev ace ear 11cr appt’a raeeec’ ( lowt’e In thee

fltence l ot at  oneic \‘iepot’ e’mbss be et , aced th u s ear l  lee  e’mls s tote t’8ic bt’ taSe ’ti t o

test thee e x I s te n c e  of l ic e ’ c’t f e c t .

Ice the e’xpe’ t• I tnc’nt al svs tern us~~eh h ee r e’ lee , t h t t ’ flame’ drive’s thee pe t’ t i n ecet

‘ett cde ’tesc ’cl sued vap or  p h ase ’ spe ’c U’s at  It s owce c- I se ~‘t’ 1 oe ’ i t  v ( a f t e r  he itt i t t  ,e 1

di op I t’t .i&c ’t’ I e rat  ieee per loch ) , ~io tite ’ t t een’ wIt I cIt ci .eh’ec ’e he’twce’ n iucenp It ’  I cet i-o-

due t ieee and first acea 1 vIe’ em! as! eec cae e r oad I I  ~‘ be’ ecv’ .e see re ’~I I ron thee di st .itdc ’ 1’

bct we’t ’t e ( h i t ’ ve’tt I c,c 1 lots-at tote whct’r~s- dropl ets 8Vt ’ tnt re dci~’ed acid wh ec’c’c aeca lv  I t ’

eiec i see (cue is t t e s t  ol’~ t’ rve’d - Whece the Is ~3 if I et-e~cc’c’ was nee’astcrcd , t h e e’ dee p I e’t s

c ecet alec ! ceg pheosphe .e t e r oqu  cc - ed cepprox inca It’ ly 0. t’” n e  I eeege e t o  pr edeu c t’ at  ecu I t

v.epet than d tel ph eoel’Ie,tte ’— f t t’’ d”op tt’t , t I d a  I t nt’ c’e’pre’st ’ic t l ee g  a ri’ j e t  i v c ’

chcacegc’ of .eppi ox c ceea t ely “~~., 
‘I’le i i i  me’aseerc ’eh seeca I i  ehsececc ’ is  pt’ eh’ .ih ’ h e  cleat ’ t o

thee ’ extra t I  lilt ’ C’ c’cpe I rod I ov t ICe ’ so teat e r~ 
e’~ Ic ic ’S e’Ofl I ~i ic e  I ieg pleos t’h .e I e’ t o

r each -u the he ! ghet ’c’ e’cccpe’ t~ c t e a i t ’ I heci’ rc ju I Fe’ te e hog in  vap or  I I tc~ ‘C ,end I nd I —

cates  an ,cl’se ’cec’ ’ of solea te fragnet’ce tal Ion ,

Tb is cles ceege t ee  p o s i t  ieee  wh eer t ’  v.epec’ I ?ec t. ten te t ’gi us I s  pr~ b.ch lv cccl si  g i u i  —

f t  e’aCet in the ice I t’ c f e e e ’ecc’c-~ st i f  I e re ’d ice ceuevc’cel I ecca 1 at  cciii c .ehe see 
~
t ten e \~~t’ 1 i

________ ~~~~~~~~~~~ ~~~~~~~~~~~~~ —~~~~~~~
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scents. 1-’Irst , most of thee desolvatlon in such sys tems l i k e l y  occur s  b e f o r e

thee sample actuall y eceters the f lame or w i t h i n  the first centimeter of t hee

f lame ( 1 9 ) .  Second , the primary reaction zone of the f lame Ieeats the parti-

cles very  qu ick l y in conven t iona l  systems , reduc ing  small,  r e l a t i v e  changes

In hea t ing t imes .  Whi le  t h i s  process mi ght  be responsible  for  some of t he

observed upward movement of the maximum calcium spectrontetric signal whccn

phosp leat e is present , it is undoubtedl y overshadowed by thee Increased t iece c’

the par ticle withe phc osphate takes to vaporize.

The overall volatilization history of Ca from particles comprised of

th~ se two m a t r i ce s  is s t r i k i n gly d i f f e r e n t ;  F igure  7 compares the vapori-

zatlon profiles (1(t)] of thee two . Ice Figure 7, tlee t unic origin (t 0)

represents the start of analyte emission . Phospha te—free caicium , It is

seen , vaporizes faster than does a particle having a pleosp hate matrix; fur— P

thermore , tlee pho spha te—free calcium signal reach es a higle level before ioni-

zation decreases It (10). The p la teau reached by both signals in Figure 7

indicates comp le te’ vaporiza tion of the respective particle (10), and a conse— t
qu en t l y eq ual are a of the  recorded si gnal  i ( t) .  However , a l t hough  the e a reas  V
of the  1(t) curves are equ a l , t he i r  shapes d i f f e r  g r e a t l y ,  r e f l e c t i n g  t h e e

distinct shapes of the corresponding vapor  c lo ceds .  F i g u re ’  8 shows thee s igcea l s

observed whet-u calcium vapor clouds , one f rom a comp letely vola t ilized phosphate-

containing and one from a volatilized phospha te—free matrix , pass thee ex~’er i-

mental viewing region 4.0 ms after thee start of eieeission . Clearl y ,  thee signal

produced by t he  vapor cloud from thee phosp h a te—free calcium particle is

broader , indica ting a more diffuse cloud . Because thee vapor clouds are

sca cened ver t ically in this teche niq cee , th is fleedlng suggests theat “lateral

d i f f u s i o n ” affec ts thee individual vapor clouds Isotrop ical l y , the ti s obvi,,tlng

the icced to invoke eeeecleaniseies involving f1,-cee e~ edge effce’ts. 
Cl

In additioce to thee above qctallt ative reSult s , theese da ta  provide  thee

— ——.— — 
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i nf o rm a t  i~~n necessary to deci pher 1.1cc’ r e l a t i v e  roles  of t h e e  di ffeesiteei t-cee ’II I—

d ent and v a p o r i za t i o n  r a t e  in gener te t i e cg  more conepact c a i c t e cm  ato ne c louds

from solute particl es having a phosphate matrix. Fitting the two impulse

response f u n c t i o n s  of Fi gure 7 to equation 6 shows that thee vaporization

rate of calcium with phosphate is 30% slower than that of the phcosphatc-free

calc ium . Further fitting of the ori ginal da ta curves , 1( t ) ,  to equation 4

reveals that the diffusion coefficients are essentiall y equal for lice two

matrIces at a value of 10.8 ± 0.2 cm
2
/s. This compare’s well wi th the value

of 9.3 cm
2
/s measur ed by Joshi (20) for calci um ice a N

2
0/C

2
112 flame .

in the flames used by Koirtyohann (2) and West (3) it was conceivable

that changes in either acealyte diffusion coefficients or vaporization rates

caused the calcium atoms to remain closer to the center of the fiance when

phosphate was added to the matrix. This ambiguity in the inter f erence

mechanism teas been resolved by the experiment reported above. Because only

the rate of vaporization of calcium , and not its diffusion coefficient , was

found to change with the addition of phosphate to the matrix , the vapori—

zation rate changc must be the cause of thee more compact vapor clouds observed .

CONCLUSIONS
cvVVV\/\J\JVVV\,

A model for the spatial distribution of analyte  atoms formed b y vapor i—

za ti en  of an i n d i v i d u a l  p a r t i c l e  in a laminar f l ame  presented  e a rl i e r  (5)

is conf i rmed by experimentall y observed behavior . The theory , as used here ,

incorporates a l inear  approx imat ion  to the analyte vaporizaUoci function and

convolves this  behavior w i t h  anal y t e  d i f f u s i o n,  Thee r e s u l t i n g  f u n c t i o n , LI

equation 6 , can he f i t  to da ta  whiclc represent  thee sheape of the at ocn ic  vapor

cloud - l’hce SU ccess of t h is  f i t  shows t h at  flee t onl y tiR ’ d i  f f a e s i o e e  c o e f f ic i en t

hu t  a iso the vapor [zet t I on rate can 1,c I nepor :eac t f a c t  ore ; i c e dot ce’cn I ccl ng t h e ’

shape of atomi c vapor clouds and t he e ’ d i s t r i b u t i o n  of aecalyte ’ a toms  lee a f l am e .

- 
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Several consequences of these findings to practical flame spectrouceetry

arise and accrue from the importance of the shape and breadth of the I r ed iv i—

dually produced atomic vapor clouds in sucic a system. One fac to r  wh ich is

strongly affected is anal yte flicker noise, which limits both sensitivity

and precision in practical flame methods (1). If analyte atoms diffuse away

f rom vaporizing part ic les  rap idl y ,  to p roduce an almost uniform anal yte con—

eAretrat.ion in the f l ame , the  f lcker  caused by a particle drifting into or

out of the spectrometr ic  viewing region wil l be small. In contrast , if

analyte vaporization yields decc se , compact vapor clouds , thee entry or exit of

such a cloud will cause considerable signal flicker.

Another problem which is directly related to the spatial distribution

of atoms liberated from an individual solute particle is the lateral spread

of atoms in the flame . Changes in this spread have been identified as a

source of an interference (2, 3). Obviously, a sacnpie and standard must

produce the same dis t r ibution of analyte if accurate cal ibrat ion is to be

assured .

Because thee spat ia l  d is t r ibut ion of analyte  is an importan t f a c t o r  ire

dete rmining an atomic spectrometr ic sign~.1, these d i s t r i b u t i o n s  must be

included in at tempts  to use atomic spectrometry as an absolute measurement

method . Efforts to achieve absolute atoncic spectrometry (21 ,22) are pri-

marily aimed at a detailed mathematical description of the measurement sys-

tems presently in use. While a detailed mathematical, descrip tion of these

systems will not soon replace standards and working curves in atomic spec—

trometry , a detailed knowledge of the e f fec t s  of various parameters  on an

atomic system - will help thee analyst intelligently find optimal conditions

for a particular analysis. Thee feiclusion of the atomic spatl .-el distrileir—

t iorm surround Lng in d i v i d u a l  v ap o r i z i n g  .~ol c i t e  p a r t  I c]  es , th e enr e t  I cal I y des-

cribed ear l i e r  (5) and e ’xp cr i me ’n ta l . i y co uf I rmed here ’ , is important icc
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